Associations between Klebsiella-related operational taxonomic units (OTUs) and the 83 development of NEC have been noted, suggesting members of this genus contribute to the aetiology 84 of NEC in a subset of patients [14, 15] . Although Sim et al. [14] found one of their two distinct groups 85 of NEC infants had an overabundance of a Klebsiella OTU, these researchers failed to identify a 86 single predominant species of Klebsiella, recovering representatives of several genera (K. 87 pneumoniae, Klebsiella oxytoca, Ent. cloacae, Ent. aerogenes, Esc. coli and Ser. marcescens ) from 88 samples. Klebsiella spp. and their fimbriae-encoding genes were significantly enriched in faeces 89 collected immediately prior to the onset of NEC in a US infant cohort. These fimbriae may contribute 90 to the overexpression of TLR4 receptors observed in preterm infants [12] . Confirming the role of 91 these bacteria in NEC will require reproducing certain aspects of the disease in model systems, using 92 well-characterized bacteria recovered from preterm infants [11, 14] .
93
To date, there is limited information on the genomic and phenotypic features of preterm-94 associated Klebsiella spp. Thus, to characterise these important opportunistic pathogens, and to build 95 a collection of preterm-associated Klebsiella strains for use in future mechanistic studies relevant to 96 preterm-infant health, we isolated and characterized (phenotypically and genomically) bacteria from a 97 cohort of preterm neonates enrolled in a study at the Norfolk and Norwich University Hospital 98 (NNUH) , Norwich, United Kingdom. Recovered Klebsiella isolates were subject to additional 99 phenotypic tests that complemented genomic data. In addition, for the increasingly important species 5 11208 by the Human Tissue Authority. Infants admitted to the NICU of the NNUH were recruited by 111 doctors or nurses with informed and written consent obtained from parents. Collection 171 rpm). Aliquots (500 µL) were harvested (4000 rpm, 20 min) and the cell pellets washed twice with 172 PBS. The cell suspensions (50 µL) were used to inoculate 5 mL cultures containing M9 minimal 173 medium (Na 2 HPO 4 , 6.9 g/L; KH 2 PO 4 , 3 g/L; NaCl, 0.5 g/L; NH 4 Cl, 1 g/L; CaCl 2 , 0.1 mM; MgSO 4 , 2 174 mM; 0.2 % glucose) at 37 °C. At 20 h, bacterial growth and siderophore production were measured 175 using the CAS assay [31] . An aliquot (100 µL) of the cell culture supernatant was mixed with CAS 176 dye (100 µL), followed by the shuttle solution (4 µL) and siderophore production monitored at 620 177 nm at 4 h using a BioRad Benchmark Plus microplate spectrophotometer. A decrease in the blue 178 colour of the CAS dye was measured using uninoculated medium as control. The estimated amount of 179 total siderophore produced by Klebsiella isolates was calculated using the CAS standard curve based 180 upon a desferrioxamine B standard (1:1).
182
Macrophage assays. All strains were grown on LB broth + 1.5 % agar and incubated overnight at 37 183 °C. THP-1 monocytes were obtained from ATCC (TIB-202) and were maintained in RPMI (Gibco: 184 72400021) plus 10 % heat-inactivated foetal bovine serum (FBS; Gibco: 10500064) in a humidified 185 incubator at 37 °C with 5 % CO 2 . THP-1 monocytes were differentiated into macrophages in RPMI + 186 10 mM HEPES + 10 % FBS + 10 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma) and seeded 187 at 1×10 5 cells per well of a 96-well tissue culture dish and incubated for 15 h. Overnight cultures of 188 bacteria were diluted 1:100 into fresh LB broth and grown until mid-exponential phase. Bacteria were 189 then washed twice with PBS and diluted to 1×10 7 cfu/mL in RPMI + 10 mM HEPES + 10 % FBS and 190 100 µL of bacteria was added to each well. Plates were then centrifuged at 300 g for 5 min to 191 synchronize infections. Bacteria-macrophage co-culture was incubated at 37 °C/5 % CO 2 for 30 min 192 to allow for phagocytosis. Cells were then washed three times in PBS and medium was replaced with 193 above culture medium supplemented with 300 µg/mL gentamicin and 100 units/mL polymyxin B to 194 8 eliminate extracellular bacteria. Cell were again incubated at 37 °C/5 % CO 2 for 1.5 h. Cells were then 195 washed three times with PBS and medium for cells for later time points was replaced with culture 196 medium supplemented with 300 µg/mL gentamicin and incubated for a further 4.5 h. Intracellular 197 bacterial load was enumerated by lysing macrophages in PBS + 1% Triton X-100 for 10 min at room 198 temperature, serially diluting cultures and plating on LB agar. Plates were incubated overnight at 37 199 °C and colonies counted the following day. Table 4 ). On the basis of bla OXY , phylogenetic and ANI analyses [34], these had 238 been confirmed to belong to K. oxytoca (n=64), K. grimontii (n=24) and K. michiganensis (n=74)
239
( Supplementary Table 5 ). Prokka v1.13.3 [35] was used to annotate the 162 downloaded and five 240 infant genomes. The resulting .gff files were subject to pangenome analyses using Roary v3.12.0 241 (default settings) [36] . Genes present in 165-167 strains were defined as the core cluster, while those 242 present in 25-164 strains were defined as the accessory cluster. Remaining genes that only existed in 243 single strains were classified into strain-specific clusters. FastTree v2.1.10 [37] was used to generate a 244 phylogenetic tree from the core gene alignment, with the tree visualized using (Figure 1d ). Of the 36 infants from whose faeces 292 isolates were recovered, 23 were healthy, three had or were subsequently diagnosed with NEC, eight 293 had suspected sepsis, one had an operation for gastroschisis and one was diagnosed with an eye 294 infection after the faecal sample was taken ( Supplementary Table 1 
12
Reference-based assembly of genomes was performed using BugBuilder [20] 306 ( Supplementary Table 2 ). To determine whether preterm neonates may harbour more than one strain 307 of a species in their faecal microbiota, nine isolates (#64-#73) were collected from neonate P008.
308
These had all been identified as K. pneumoniae by API 20E and genome data. ANI across the nine 309 isolates was >99.99 %. To determine whether the isolates were identical, gene content analysis was 310 performed using Roary [36] . The average number of CDSs among these isolates was 5,385 (6.25) 311 ( Supplementary Figure 1a-d) . Anvi'o showed the isolates were highly similar (Supplementary 312 Figure 1e ). Isolates of the same species from other neonates were also found to be identical to one 313 another (#102 and #103 from P080; #118 and #119 from P124). For sets of identical isolates, only one 314 was taken forward for further analyses. This left 14 distinct Klebsiella strains (9 K. pneumoniae; 5 K. infections, NEC and LOS in premature neonates [9, 14, [46] [47] [48] [49] . The genetic backgrounds of the 320 neonate isolates were explored, to determine virulence and AMR genes encoded within the strains' 321 genomes.
322
Each isolate was genetically different: i.e. no two infants harboured the same strain of K. 323 pneumoniae (Supplementary Figure 2) . ANI analyses with representative strains of the seven 324 phylogenetic groups of K. pneumoniae [50] showed eight of the neonatal isolates were K. pneumoniae 325 (98.83-98.98 % ANI with K. pneumoniae ATCC 13883 T (GCA_000742135)) and one (#91) was K. 326 quasipneumoniae (98.5 % ANI with Klebsiella quasipneumoniae subsp. quasipneumoniae 01A030 T 327 (GCA_000751755)). MLST identified six STs within the K. pneumoniae strains (Figure 2a) 
366
While the majority of the neonatal K. pneumoniae strains did not represent known pathogenic 367 lineages, virulence factors were detected in their genomes (Figure 2b) . The host limits iron 368 availability within the GI tract to prevent colonization by pathogens and bacterial overgrowth. 
380
Whole-genome analyses of isolates tentatively identified as K. oxytoca 381 K. oxytoca is a minor member of the human gut microbiota, recovered at low levels from the 382 faeces of 1.6-9 % of healthy adults [56, 57] . Toxigenic K. oxytoca is a causative agent of antibiotic-383 associated haemorrhagic colitis, a condition affecting mainly young and otherwise healthy outpatients 384 after brief treatment with penicillin derivatives [57] . K. oxytoca has been detected in the faeces of a 385 subset of preterm infants via cultivation or shotgun metagenomics, but its association with preterm-386 associated infections is unknown [14, 32, 58] 
394
On the basis of API 20E data and initial genome (MetaPhlAn2.6) analysis, five neonatal 395 isolates were identified as K. oxytoca (#80, #83, #88, #99, #108). MetaPhlAn2.6 cannot distinguish 396 among the three phylogroups. ANI of the genomes against reference genomes showed #88 and #108 397 to be K. michiganensis (both 98.78 and 98.94 % ANI, respectively with GCA_002925905) and #80,
398
#83 and #99 to be K. grimontii (99.18, 99.23 and 99.17 % ANI, respectively, with GCA_900200035) Figure 3a) , with ANI cut-off values well above the ~95 % proposed for species Figure 3b ). Similar to the K. pneumoniae isolates, no two infants harboured the same strain of K. 404 michiganensis or K. grimontii (Figure 3a) . The K. michiganensis and K. grimontii strains were examined for the presence of virulence-409 associated loci found in K. pneumoniae strains [51] (Figure 3b) . Enterobactin was encoded by all 410 strains. Yersiniabactin was predicted to be encoded by K. grimontii #99 and K. michiganensis #88 and 411 #108. Other siderophore-associated gene clusters (aerobactin, colibactin and salmochelin) found in K. 412 pneumoniae were absent. An allantoinase gene cluster (including allB/C/R/A/S and ybbW), which 413 plays a role in K. pneumoniae liver infection [66] , was identified in the three K. grimontii strains.
(Supplementary

414
Due to the clinical importance of AMR in Enterobacteriaceae, an in silico AMR gene profile 415 was established for the K. michiganensis and K. grimontii strains. Homologues of 18 AMR 416 16 determinant genes (emrB, emrR, acrB, acrD, CRP, marA, mdtB, mdtC, baeR, FosA5, pmrF oqxA, 417 oqxB, msbA, KpnE, KpnF, KpnG, were common to the five strains, 418 similar to the K. pneumoniae isolates. Both K. michiganensis strains encoded homologues of OXY-1-419 2 (β-lactamase specific to K. michiganensis (Ko1; [67] ) and bacA, while #108 encoded a homologue 420 of aph(3')-la (aminoglycoside phosphotransferase). All K. grimontii strains encoded mdtN 421 (potentially involved in resistance to puromycin, acriflavine and tetraphenylarsonium chloride), while 422 #83 and #99 encoded homologues of OXY-6-2 (β-lactamase specific to K. grimontii (Ko6; [67] ).
424
Phenotypic characterization of K. pneumoniae, K. quasipneumoniae, K. michiganensis and K. 425 grimontii neonatal isolates 426 Five of the 13 Klebsiella strains we characterised were isolated from preterm infants who had 427 been diagnosed with either NEC or sepsis. Thus, we sought to link our genotypic analyses with 428 clinically important virulence traits including the ability to survive and replicate in host immune cells 429 (i.e. macrophages) and the ability to produce iron-acquiring siderophores. We also determined the 430 strains' AMR profiles.
431
Previous studies have indicated that respiratory infection-associated K. pneumoniae are able to 432 survive within macrophages, a critical innate immune cell type required for optimal pathogen 433 clearance [68] . However, to date there is limited information relating to this ability in gut-associated 434 strains, and there is no information on other Klebsiella species. Thus, all Klebsiella strains isolated in 435 this study were tested in PMA-differentiated THP-1 macrophages using a gentamicin protection 436 assay. All strains appeared to persist within macrophages, as bacterial load was either maintained over 437 the time-course or increased or decreased between 1.5 h and 6 h, although these values were not 438 statistically significant (Figure 4a) . These data suggest that all Klebsiella strains tested can reside and 439 persist in macrophages. This ability of all strains to survive, and in some cases potentially replicate, 440 within macrophages indicates their immune evasion capabilities, which may link to increased risk and 441 incidence of NEC and sepsis if these strains translocate from the 'leaky' preterm GI tract to systemic 442 sites contributing to the inflammatory cascades characteristic of these conditions.
443
Iron is a vital nutrient that performs multiple roles in cellular processes, ranging from DNA 444 replication and cell growth to protection against oxidative stress. In the healthy host, the majority of 445 iron is bound with intracellular proteins and the remaining free iron is extracellular and insoluble, 446 hence difficult to access [69] . For invading pathogens, siderophore systems are critical for iron 447 competition and uptake to accomplish colonization and cause infections, this is particularly true in the 448 preterm GI tract. Preterm infants in NICU are heavily supplemented with iron as they receive many 449 red-blood-cell transfusions (increasing hepatic iron stores), iron-supplemented parenteral nutrition, 450 and supplementary oral iron within a few weeks of birth. During infection, Klebsiella secretes 451 siderophores to sequester iron and to establish colonization in the host. Enterobactin is the most well-452 known siderophore produced by K. pneumoniae and related species, and was found to be encoded by 453 all our strains (Figure 2b, Figure 3b ). The host innate immune protein lipocalin 2 binds to 454 enterobactin and disrupts bacterial iron uptake [70] . Klebsiella species have evolved to hoodwink this 455 host response by producing several evasive siderophores [71, 72] . Siderophore production of 456 Klebsiella isolates was monitored using CAS liquid assay. All isolates tested grown in M9 minimal 457 medium were CAS-positive with the estimated siderophore concentration ranging between of 3.5 and 458 6 nM (Figure 4b) . There was no significant difference in siderophore production between 'healthy' 459 and NEC-and sepsis-associated isolates.
460
Klebsiella is of concern within an AMR context, particularly in at-risk neonates, due to the 461 increasing emergence of multidrug-resistant isolates that cause severe infection [73] were sequenced at all three life stages. Infants were born either vaginally (n = 70) or by caesarean 518 section (n = 95). The gestational ages of preterm infants ranged from 23 to 29 weeks (mean 26.1 519 weeks), while the term babies ranged from 38 to 41 weeks (mean 39.2 weeks).
520
As we had found that the MetaPhlAn2.6 database contained non-K. oxytoca genomes within its 521 K. oxytoca dataset (detecting K. oxytoca, K. michiganensis and R. ornithinolytica (refer to Methods)), 522 we used Centrifuge to determine abundance of this species in metagenomes (Figure 5ab) . Due to 523 their genomic similarity, K. oxytoca and K. michiganensis could not be readily distinguished using 524 Centrifuge (Figure 5a) ; no genomes assigned to K. grimontii were included in the Centrifuge 525 database at the time this study was undertaken. Though it should be noted that, while Centrifuge (and 526 20 Kraken2) relies on NCBI taxonomy for species identification, there are still many genomes within 527 GenBank/RefSeq that are assigned to the wrong species (e.g. assemblies GCA_001052235.1 and 528 GCA_000427015.1 within our curated pangenome dataset have been confirmed by detailed analyses 529 to be K. grimontii (Supplementary Figure 2 and [34] ), but still assigned as K. oxytoca and K. 530 michiganensis, respectively, within GenBank as of 28 July 2019; these are by no means the only 531 examples from our current study).
532
For those samples harbouring K. oxytoca, relative abundance of the bacterium increased from 533 stage1 to stage2 and decreased at stage3 (Figure 5b) .
535
Metapangenome analysis of preterm infant metagenomic data to detect K. oxytoca, K. 536 michiganensis and K. grimontii 537 Using a set of 162 K. oxytoca-related genomes ( Supplementary Table 4 ) and those of the five 538 infant isolates, a pangenome was generated using Roary. The pangenome dataset consisted of 76 K. pangenome: 2,769 of them constituted the core gene cluster, while the accessory cluster included 543 5,108 genes and the remaining 32,728 genes formed the strain-specific cluster. A PCA plot based on 544 the accessory genes clustered strains into the three different species (Figure 5c ), in agreement with 545 our phylogenetic analysis of the core genes (Supplementary Figure 3b) and consistent with the 546 findings of [75], who were able to split the three species (phylogroups) based on a pangenome 547 analysis of fewer genomes.
548
The Roary-generated pangenome was used as a custom database for PanPhlAn, to detect the 549 presence and absence of core genes and accessory genes in each infant sample. As expected, the 550 proportion of reads that PanPhlAn mapped to the custom database correlated with the Centrifuge-551 generated abundance data (Figure 5d) . In stage1, 13 infants (12 preterm, 1 term) were predicted to 552 carry K. oxytoca-related species (Figure 5e) ; in stage2, the number was 24 (22 preterm, 2 term) 553 (Figure 5f) ; in stage3 infants, the rate of carriage was much lower, with only three infants (all 554 21 preterm) potentially harbouring target species (Figure 5g) . The change in prevalence of K. oxytoca-555 related species across the three stages based on the PanPhlAn analysis was consistent with the K. 556 oxytoca abundance data generated with Centrifuge (Figure 5b ).
557
The pangenome accessory genes were used in PCA to define which species strains detected by 558 PanPhlAn belonged to. In stage1, samples from six preterm infants (P10111, P10141, P10301, 559 P10451, P11292, P12121) and one term infant (P30221) harboured K. michiganensis (Figure 5e) . In 560 stage2, samples from four preterm infants (P10471, P10472, P11311, P11701) harboured K. oxytoca, 561 while those from 14 preterm infants (P10071, P10231, P10301, P10441, P10451, P10501, P10601, 562 P11151, P11202, P11291, P11292, P12121, P12641, P12651) and one term infant (P30221) 563 harboured K. michiganensis (Figure 5f ). Four samples (P11351, P12621, P20241, P30141) could not 564 be assigned a species, while the sample from P11981 located close to K. oxytoca (Figure 5f ).
565
Similarly, two of the stage3 samples from P12221 and P12651 carried K. michiganensis, while 566 P11981 located near K. oxytoca (Figure 5g) .
568
Recovery of K. oxytoca and K. michiganensis MAGs from metagenomes 569 Since the abundance of K. oxytoca-related species was considerable in some infant samples, we 570 attempted to obtain high-quality MAGs directly from these metagenomes and to assign them to the 571 species. The metagenomic samples were checked and their reads aligned against those of the 167-572 genome database; reads that mapped were extracted and assembled as 'original MAGs'. The genome 573 sizes of the 167 genomes ranged from 5.72 Mb to 7.23 Mb (mean 6.35 Mb), thus a genome size of at 574 least 5.5 Mb was used to define a likely complete MAG. After assembly of the reads that mapped to 575 our database, MAGs were generated from the stage 1 (_s1), stage2 (_s2) and stage3 (_s3) 
